ABSTRACT For brushless dc motor operating at ideal commutation point, the angle of the phase current vector will lag behind that of the back electromotive force (EMF) vector due to the motor phase inductance. The lag angle increases the root-mean-square (rms) value of phase current under a certain average torque output, which results in more heat and less efficiency, especially at high rotational velocity. The principle that the angle of ideal current vector is equal to that of the back EMF vector at the center of a conduction sector is analyzed. A novel advance compensation method for commutation point is proposed based on the principle. The advance angle is calculated in real time according to the phase current, the inductance, and the flux linkage established by the magnet of the motor. By conducting the voltage vector of voltage source inverter before the ideal commutation point in advance, the lag of the phase current would be eliminated. Thereby, the rms value of the phase current is reduced. Finally, both simulation and experiments verify the effectiveness of the proposed method.
I. INTRODUCTION
BLDCM with trapezoidal wave back electromotive force (EMF) has been widely used in industry and civil equipments due to the advantages of high torque, high efficiency and high power density [1] . The trend of BLDCM is towards higher speed and higher power density in the applications such as aviation, portable power devices, and fuel cell gas turbines [2] .
For high speed BLDCM, sensorless control is often adopted for safety considering. The errors of rotor position are inevitably introduced by sensorless control. These errors can degrade the operating quality of the motor, including the increase of the RMS value of the phase current, and the reduction in efficiency and speed range. However, Aviation and portable power devices, due to their limited energy storage and load capacity, have strict requirements on the weight and efficiency of the motor [3] , [4] . Therefore, the errors of rotor position must be eliminated.
There are many errors in rotor position [2] , [5] . In this paper, these errors are divided into two types. The first type is the delay errors caused by the control and sampling methods, such as, the delay error caused by the low-pass filter used to eliminate the influence of commutation process on terminal voltages in the back EMF zero-crossing detect (ZCD) method. The second type is the error in the internal power angle between the current vector and the back EMF vector, which is mainly caused by the inductance of the motor windings.
For the first type of error, scholars have carried out indepth researches. Chen et al. [6] detects the compensation signal by a flux function and correct the compensation error by the deviation of the line-to-line voltages. Jang and Kim [7] determine the commutation position of BLDCM in such a way as to generate the symmetric terminal voltages of the non-energized phase at the beginning and at the end of the commutation period. Wang and Lee [8] employ the first-order and second-order Butterworth filters depending on different speed zone to minimize the influence from sensor noise and to reduce delay. Zhou et al. [9] proposes a novel selfcompensation method of commutation error based on the relationship between the commutation point shift and the difference of DC-link current. Li et al. [10] reduces the differ-ence of the non-energized phase's terminal voltage between the beginning and the end of commutation to make the actual commutation instants approach to the ideal commutation instants. Lee et al. [11] proposes a feedback compensation method by forcing the current integrals of the two half periods in one 60 • conducting period to be equal. In [12] and [13] , a fast commutation instant shift correction method based on detecting the terminal voltage difference between the beginning and the end of the commutation period. In [14] , the difference between the defined current index and voltage index, which are the integer of the current and voltage parts of motor equation separately, is minimized to compensate the commutation phase errors. Jiang et al. [15] introduces a masking signal formed by falling edges of the switching control signals to identify the true zero-crossing point without LPF and current sensors. Wu et al. [16] compensates commutation error based on coordinate transformation.
At present, the research methods for the first type of error can be mainly divided into measuring the deviation of the line-to-line voltages, detecting the terminal voltage difference, and measuring the difference between the current and voltage integer. These research methods also include analyzing the relationship between the commutation point shift and the difference of DC-link current, adopting filters depending on different speed zone, masking signal and coordinate transformation.
For the second type of error, the results of analysis in [17] have clearly shown that the high-speed torque characteristics of the brushless DC motor can be improved considerably simply by adjusting the chosen setting of the phase-advance angle and using appropriate conduction angles. When the motor back EMF reaches the edge of the 120 • flat top or bottom (ideal commutation point), the voltage vector state of VSI changes, thereby a corresponding phase current vector is generated. However, the winding inductance and the step changes of voltage vector cause the current vector to lag behind the back EMF vector, which increases the internal power angle between the current vector and the back EMF vector. When the load torque is constant, the increased internal power angle cause an increase in the RMS value of phase current. In [18] , the commutation point is corrected by detecting the phase difference between the rotor flux and the integral of the phase current. In [5] , the internal power factor angle error is observed by a phase-lock loop, and the error is regulated to zero through a PI regulator. In [19] , a phase advance angle for quasi-square waveform of phase current delay is determined based on the Fourier series of the phase voltage waveforms.
According to the review references, most of the literatures focus on eliminating the delay errors caused by control and sampling methods. However, there are few studies to eliminate the error of internal power angle. With the increase of BLDCM rotational velocity, eliminating the error of internal power angle has gradually become a hot research. The researches on the second type of error mainly include detecting the phase difference between the rotor flux and the integral of the phase current and the Fourier series of the phase voltage waveforms.
For the second type of error, this paper proposes a novel advance compensation method. Under two-phase stationary coordinates, the phase angles of the ideal current vector and the back EMF vector are analyzed, and the principle that the angle of ideal current vector is equal to that of the back EMF vector at the center of a conduction sector is obtained. According to the principle, the relationship among the current vector, the back EMF vector and the voltage vector is analyzed. Based on the relationship, the advance angle is calculated. The voltage vector of VSI is advanced according to the advance angle. Compared with the control method based on detecting the phase difference and Fourier series, this method has the advantage of simple calculation because the integration, phase detecting and Fourier expansion process are avoided.
The remainder of this paper is organized as follows. In Section 2, the relationship between the angle of ideal current vector and that of the back EMF vector is analyzed. In Section 3, the principle of the current vector lags back EMF vector is explored. In Section 4, the advance compensation method is proposed. In Section 5 and Section 6, an 840W, 48V, 50000r/min sensorless BLDCM is used to verify the proposed method in both simulation and experiment. Conclusions are drawn in the final section. 
II. IDEAL ANGULAR RELATIONSHIP BETWEEN BACK EMF AND PHASE CURRENT

BLDCM torque equation is
where, T em is the electromagnetic torque; ω is the electrical angular velocity of the rotor; i a , i b and i c are the currents of phase A, B and C, respectively; e a , e b and e c represent the back EMF of phase A, B and C, separately; θ r is rotor electrical angle. With the changes of the back-EMF, the rotor position can be divided into 6 sectors as shown in Figure 1 .
When the motor rotor electrical angle is in sector 4, the ideal phase current and back EMF can be expressed as
where E φ is the amplitude of back EMF flat-top wave. The torque equation of the motor is
where, E φ can be expressed as the product of permanent magnet flux linkage C T and ω, that is,
The three-phase currents are expressed in two-phase stationary frame as
The three-phase currents can be represented as a vector, that is − → i αβ = i α , i β = I αβ_m e jθ s . The angle θ s and modulus I αβ_m of the current vector are expressed as
Back EMF is expressed in two-phase stationary frame as
In sector 4, C T (θ r ) is
The back EMF can be also represented as a vector, that is − → e f = e α , e β = e f _m e jθ f . The angle θ f and modulus e f _m of the back EMF vector are shown as
When θ r is π , e m is the minimum. While, when θ r is 5π/6 or 7π/6, e m is the maximum.
where, e f _mean is the average of e f _m in sector 4.
θ f varies with θ r . At the beginning, center, and end of sector 4, θ f is
The ideal relationship between the current vector and the back EMF vector is shown in Figure 2 . The angle and modulus of the back EMF vector vary continuously with the rotor angle. While, the current vector angle of the adjacent sector is stepped by 60 • , and its modulus is constant. The torque can be expressed as the dot product of the current vector and the back EMF vector.
According to (12) , T em is determined by the modulus of the current vector and the internal power angle ϕ D . When T em is constant, i αβ_m is minimum if ϕ D is zero. However, the operating mode of BLDCM determines the step changes of the current vector angle as shown in Figure 3 when the rotor position is in sector 4. The step change of the current vector angle results in θ f leads θ s by π/6 at the beginning of sector 4, and θ f lags θ s by π/6 at the end of the sector. Nevertheless, at the midpoint of the sector, θ f is the average angle of the back EMF vector over the entire sector 4, and θ f is equal to θ s . In other words, when the back EMF and the phase current are ideal, the internal power angle at the midpoint of the sector is equal to zero.
In Figure 3 , e f _1 is the back EMF vector at the beginning of sector 4 and e f _2 is that at the end of sector 4.
III. ANALYSIS OF LAG ANGLE
The power topology of the high-speed BLDCM is shown in Figure 4 . This topology consists of two parts, the Buck circuit for regulating the voltage and the three-phase VSI for commutation.
Ideally, the voltage vector of inverter changes once every 60 • electrical angle. A square-wave current corresponding to the back EMF is generated in the winding, as shown in Figure 1 . However, due to the motor inductance, the phase current has a change rate during the commutation. The change rate causes the phase current lags behind the corresponding back EMF, as shown in Figure 5 . The internal power angle at the midpoint of the sector is greater than zero, resulting in an increase of the current modulus when the load torque is constant.
At t 0 , e(θ r ) a = E φ and e(θ r ) b = −E φ . Phases A and B begin to conduct and phase C is turned off. Phase A current is:
where, R is the phase resistance of the motor, L and M are the self-inductance and mutual inductance, respectively. After the commutation time t 1 , the phase C completes the diode freewheeling at time t 1 , and the phase A current continues to increase.
At t 2 , e(θ r ) c = −E φ , e(θ r ) a = E(θ r ). Both phase B and phase C are turned on, phase A is turned off. Phase A current begins diode freewheeling. The phase A current equation can be expressed as
After the commutation time t 1 , the phase A current completes the diode freewheeling at time t 3 , the commutation process is completed. t 1 is expressed as
where, I am is the current of the phase A at t 2 .
As can be seen from Figure 5 , the lag angle of the current vector is related to the commutation time t 1 . Compensation can be made according to t 1 . However, t 1 is related to load (I am ), rotation speed (E φ and E(θ r )) and the motor parameters (R, L and M ). The calculation method is complicated. In addition, since the advance angle affects the back EMF during the commutation, it indirectly affects the calculation results of (12)-(15).
IV. PRINCIPLE OF THE PROPOSED ADVANCE COMPENSATION METHOD
For a BLDCM operating in a three-phase six-state, the current vector angle will lag behind that of the back EMF, resulting in a reduction of the electromagnetic torque. Although the current vector can be compensated according to t 1 , it is difficult to implement because t 1 is coupled with many variables. Therefore, the paper proposes a novel advance compensation method based on the principle that the internal power angle at the midpoint of the sector is equal to zero.
At the center of the sector, the dynamic equation of the motor winding is
where, − → U s is the voltage vector. For the surface mount BLDCM, both L and M are considered constant. The derivative of − → i αβ can be expressed as
Bring (17) into (16) (18) In the conventional control method, the angles of − → U s and − → e f are equal at the center of the sector. The vector relationship VOLUME 7, 2019 FIGURE 6. Actual vector at the center of the sector. is shown in Figure 6 . The internal power angle ϕ D at the midpoint of the sector is greater than zero.
As can be seen from Figure 6 , there are three reasons for ϕ D greater than zero. The first one is the voltage across R, which is usually negligible because R is small. The second one is the voltage of dI αβ_m /dt on L − M . When the motor operating state is stable, dI αβ_m /dt is small at the center of the sector, this voltage also can be neglected.
The voltage of the third part, which is proportional to ω s and I αβ_m , is the main cause of ϕ D . Hence, (18) can be simplified as
According to the principle that the internal power angle is equal to zero at the midpoint of the sector, the vector relationship is shown in Figure 7 .
From the figure, the advance compensation angle ϕ can be expressed as (20) where, e f _m can be replaced by e f _mean to simplify the calculation. That is e f _m ≈ e f _mean ≈ 1.488ωC T . The average rotational velocity of the current vector is consistent with that of BLDCM, and ω s can be replaced by ω. At the center of the sector, θ f is equal to θ s . (20) can be simplified as
When the motor inductance is small, (21) can be further simplified to
BLDCM operating characteristics determine the periodic variation of I αβ_m . This variation will cause fluctuations in ϕ. In order to reduce the fluctuations of ϕ, ϕ can be calculated from the average value I m_m of I αβ_m in a conduction sector.
Eq.(22) can be written as
From (23), L, M and C T are inherent parameters of BLDCM. Hence, ϕ is only related to the modulus of the current vector and is independent of electrical angular velocity. The control block diagram of the proposed method is shown in Figure 8 . The blue block diagram in the figure is the advance compensation method proposed. First, I m_m is obtained from the rotor angle θ r and the two phase currents. Next, the advance compensation angle ϕ is calculated according to (23). Again, the angle θ r−ϕ after the advance compensation is obtained by subtracting ϕ from θ r . Finally, the logic synthesis module generates drive signals based on θ r−ϕ . The drive signals control the VSI to output the advance voltage vector. θ r is obtained from the three-phase terminal voltage through zero-crossing detection, filtering and filtering compensation. The speed loop controls the rotational velocity of BLDCM by adjusting the output voltage of the Buck circuit.
V. SIMULATION
The simulation model is built in the Matlab/Simulink environment to verify the proposed advance compensation method. The simulation model is consistent with Figure 8 , except that the Buck circuit is replaced by a controllable voltage source. The motor model is built based on an 840W test BLDCM. The motor parameters are
The simulation waveforms are shown in Figure 9 to Figure 11 .
In the conventional control, the maximum amplitude region of the phase current lags behind either the flat-top or flat-bottom part of back EMF. The heavier the load, the greater the average different θ avg between θ f and θ s as shown in Figure 12 . While, maximum amplitude of the phase current mainly coincides with that of the back EMF in the proposed control. θ avg is approximately equal to zero, which is shown in Figure 12 . θ avg affects the phase current root-mean-square (RMS) value i RSM , as shown in Table 2 . When the motor load is light, the difference of i RSM between conventional and proposed control is not obvious. While the difference is significant when the load is heavy.
The proposed control can reduce the copper loss of the motor by 15.8% at 0.16Nm and 48000r/min, as shown in Table 3 .
It should be pointed, the phase current lags the back EMF under the conventional control method, causing the midpoint of the non-conducting region of the phase current to lag behind the zero crossing point of the corresponding back EMF. This lag increases with the increasing of motor load torque and rotational velocity. While, the lag of the phase current is eliminated under the proposed method. The midpoint of the non-conducting region of the phase current is at the zero crossing point of the corresponding back EMF.
VI. EXPERIMENTS A. EXPERIMENT SETUP
The parameters of the test BLDCM are shown in Table 1 . Figure 13 is the block diagram of the test platform. The platform includes power supply, magnetic powder brake, oscilloscope and designed driver board. The motor is loaded by adjusting the excitation current of the magnetic powder brake. The designed board implements the sensorless control VOLUME 7, 2019 of BLDCM based on the back EMF ZCD and velocity control based on Buck circuit.
The functional block diagram of the drive board is shown in Figure 14 . EP4CE6E22C8N as Field Programmable Gate Array (FPGA) realizes phase current sampling from Analog-to-Digital Converter (ADC), zero-crossing sampling, commutation advance compensation, velocity calculation, logic synthesis, and BLDCM starting. The FPGA transmits I m_m and ω to the Digital Signal Processing (DSP) through the parallel bus. The functions of TMS320F28335 chosen as DSP include calculating the lead angle ϕ according to (23), calculating the lead time based on ϕ and ω, velocity closed loop control based on PI controller, and generating the PWM signal of Buck. The sensorless BLDCM starting adopt a classic three-stage starting strategy, which includes positioning, self-synchronization and external synchronization [20] .
In theory, delaying S ZCn by 30 • electrical angle (T 30 • ) is the ideal commutation point. However, the commutation process of phase current will cause high frequency interference on S ZCn . A sampling delay time T F , which is greater than the maximum commutation time of the phase current, is set in the FPGA. After the commutation process, the FPGA delays T F first, and then samples S ZCn of the non-energized phase. Therefore, the commutation process interference to S ZCn can be avoided. In this paper, T F is set to 180us.
In Figure 14 , S ZCx (x = a, b,c) is the zero-crossing signal generated by the ZCD circuit. U xn is the motor terminal voltage. D y (y = 1 to6) is the drive signal. ω is calculated from S ZCx . ϕ/ω is the advance time, which is the multiply of ϕ and ω. S ZCn delays by the time T 30 • − ϕ/ω is the advance commutation point.
B. EXPERIMENTAL RESULTS
Limited by the maximum torque and speed of the magnetic powder brake, 0.08Nm and 0.04Nm are set as the torque load, and 12000rpm and 24000rpm are selected as the given velocity. The back EMF is difficult to test in the experiment. The zero-crossing signal of the back EMF is adopt instead of the back EMF to indicate the relationship between the back EMF and the phase current. The experimental results including conventional control and the proposed control are shown from Figure 15 to Figure 18 . In these figures, the phase A current i a , terminal voltage U an of phase A and the zero-crossing signal S ZCa of phase A back EMF are tested.
Under the proposed control method, the zero-crossing point of phase A back EMF is at the midpoint of the nonconducting region of phase A current. While, under the conventional control method, the midpoint of the non-conducting region lags behind the zero-crossing point. The lag time increases as the load torque and rotational velocity increase. From the lag time and the motor rotational velocity, θ avg can be calculated, as shown in Figure 19 . The experimental waveform is consistent to the simulated waveform of Figure 12 .
The comparison of the i RSM under different control methods is shown in table 4. The proposed method can reduce the copper loss of the motor by 5.08% at 0.08Nm, which is mainly consistent with the simulation. The advantages of the proposed method will be more obvious as the torque load increases.
It should be pointed, under the conventional control method, the midpoint of the non-conducting region of the phase current lags behind the zero-crossing point of the corresponding back EMF. When the lag, which increases with the increasing of load torque and rotational velocity, exceeds the zero-crossing point of the back EMF, it will cause the failure of the back-EMF zero-point acquisition. As a result, the motor does not work properly. The lag limits the velocity range of BLDCM. The trend of current lag on the zero-crossing acquisition is clearly reflected in Figure 18(a) . Under the advance conduction method proposed in this paper, the zero-crossing point of the back EMF is located at the midpoint of the non-conducting region of the corresponding phase current. This feature can reduce the influence of the lag on the zero-crossing acquisition, as shown in Figure 18(b) .
Therefore, the advance compensation method proposed can not only reduce the RMS value of the phase current, but also widen the rotational velocity range and improve the load capacity for BLDCM based on the zero-crossing detection sensorless control.
VII. CONCLUSIONS
In this paper, a novel advance compensation method for commutation angle is proposed, based on the principle that the angle difference between the current vector and the back EMF vector is zero at the center of the conduction sector when VOLUME 7, 2019 the phase current is ideal. The advance compensation angle is calculated according to the phase current, the inductance and the flux linkage established by magnet of the motor. Hence, the angle of phase current can be shifted by setting the advance compensation angle before the ideal commutation point. Comparing with the conventional method, both simulation and experimental results show that the proposed method has two benefits. The first is reducing the copper loss of the motor. The second are widening the rotation velocity range and improving the load capacity for BLDCM. The advantages of the proposed method are more obvious at heaven load and high speed of motor. The method is suitable for the BLDCM based on zero-crossing detection sensorless control, and the algorithm is easy to be implemented.
